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Abstract- Recently interest in photovoltaic (PV) power 
generation systems is increasing rapidly and the installation of 
large PV systems or large groups of PV systems that are 
interconnected with the utility grid is accelerating. To maintain 
the grid stability due to the huge penetration of photovoltaic 
power to the grid, much stricter grid codes are being imposed by 
the energy regulatory bodies. This paper discusses the detailed 
modeling and control strategies of a large scale grid connected 
photovoltaic system that can help to augment the low voltage 
ride thorough capability of DC based PV plant. It should be 
noted that grid side inverter plays an important role in low 
voltage ride through and therefore, overvoltage and 
undervoltage tripping of DC link of the grid tied inverter should 
be avoided, if possible. This study attempts to incorporate DC 
link over and under voltage protection in the control loop 
without increasing overall cost of protective device, which is 
another salient feature of this study. Furthermore, a 
comparative study with conventional inverter scheme is carried 
out. Different types of fault scenarios are analyzed to 
demonstrate the effectiveness of the overall control scheme, 
where recent grid code for distribution generation system is 
considered. 
I. INTRODUCTION
In recent years, power generation from renewable energy 
sources has been increasing significantly due to the 
environmental concerns regarding global warming caused by 
fossil fuels. Green energy friendly policies from governments 
of different countries are also boosting this growth. 
Photovoltaic (PV) system is one of the major renewable 
energy conversion systems. Electricity generation from solar 
power has been growing rapidly over the last decade because 
it is the most readily available source of energy. Total 
installed capacity of solar power has increased over 10 times 
from 2003 to 2009 (from 1.8 GW to 20.4 GW) [1]. Apart 
from small residential applications, grid connected multi 
megawatt class PV plants are being installed. Present 
statistics says that over 150 PV parks exist with 10MW or 
more capacity [2]. Due to increasing penetration of PV power 
in recent years, German grid codes has recently adopted low 
voltage ride through (LVRT) requirement for PV plants 
connected to the high [3] and medium [4] voltage network to 
provide dynamic grid support. This means that PV plants 
must stay connected during a fault, because shutdown of a 
megawatt class PV plant may have adverse effect in power 
system operation. Figure 1 shows the limiting curve for type 
2 plants (generating plants other than synchronous 
generators) connected to the medium voltage network [4]. A 
Plant must not disconnect from the network when the line 
voltage (U) drops down to 0% of nominal voltage (UC) for a 
period less than or equal to 150 ms and should recover the 
90% of the voltage from its pre-fault level within 1500 ms 
from the occurrence of the voltage dip. PV plants must 
comply with this from the beginning of 2011 [5]. Therefore, 
further analysis of low voltage ride through characteristics for 
grid connected MW class PV plant is necessary and focus 
should also be given on developing suitable control strategy 
that suits PV system. 
In [6], LVRT characteristics analysis for high penetration 
PV power to the grid is reported where fault clearing time and 
location of the faults are focused. A current source inverter is 
emphasized in [7] for grid interfacing of PV plant. In both 
papers modeling of MW class PV plant, MPPT control 
scheme during grid fault, and coordinated control scheme 
between boost converter and grid-side inverter are not 
considered. In this study, the aforementioned issues are 
considered for enhancing the LVRT capability of grid 
connected MW class DC-bus based PV plants. A realistic 
MW class PV park model considering connection schemes of 
individual small modules, line length of DC cable between 
boost converter and DC link are taken into account while 
developing the coordinated control scheme.  
During the fault condition, DC link voltage goes high due 
to the power imbalance between grid side and PV side. A dc-
chopper circuit is commonly used to protect the 
semiconductor devices [8]. In this paper a coordinated control 
Fig. 1.  Limiting curves of the voltage of a type-2 generator at the point of 
connection [4]. 
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scheme is proposed which helps to keep the DC link voltage 
rise within acceptable range without imposing additional 
system cost.  The possibility of DC-link undervoltage tripping 
is reduced as well under the proposed control scheme. These 
are the other salient features of this study. Different types of 
symmetrical and unsymmetrical faults are analyzed by using 
laboratory standard power system simulator PSCAD/EMTDC 
[9] to verify the effectiveness of the proposed coordinated 
control strategy.  
 
II. PV SYSTEM 
A photovoltaic cell is a semiconductor diode which 
converts the incident sunlight into electrical energy. In 
practice, a PV module consists of a number of PV cells. 
Depending on the application, a single module or series 
parallel combination of multiple modules can be used. 
 
A. PV Module Modeling 
 
Figure 2 shows the equivalent circuit of a PV module 
which is composed of several PV cells. The output voltage 
and current relationship of a PV module can be expressed by 
[10] 
  exp 1                (1) 
 
where IPV and I0 are the photo-current and reverse saturation 
current of the PV module respectively. NS is the number of 
series connected cells, q is the electron charge (1.602176×10-
19 C), k is the Boltzmann constant (1.3806503×10-23 J/K) and 
a is the ideality factor of the diode. RS and RP are the 
equivalent series and parallel resistances of the module 
respectively. IPV is influenced by solar irradiation and 
temperature. This can be shown by [11] 
 ,                                                     (2) 
 
where IPV,n is the photo-current of the module at nominal 
temperature and irradiation (usually 250 C and 1000 W/m2), 
ΔT is the difference between actual and nominal temperature, 
KI is the short-circuit current temperature coefficient, G and 
Gn are actual and nominal irradiation respectively. IPV,n and I0 
can be obtained by the following equations [10] 
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where Isc,n and Voc,n are the short circuit current and open 
circuit voltage of the module at nominal condition 
respectively, KV is the open circuit voltage temperature 
coefficient. 
 
B. Aggregated Model 
 
For simulation purpose, it is necessary to model the system 
in aggregated fashion without hampering the behavior of the 
original system. For the equivalent model of a PV plant 
which consists of a number of PV modules, the following set 
of equations is developed: 
  exp 1       (5) 
 
 ,, ⁄                                (6)   
TABLE I 
PARAMETERS FOR 2.5 MW PV PLANT 
Peak power 2.5 MW 




RSeq 0.0242 Ω 
RPeq 45.47 Ω 
a 1.3 
* For 250 C and 1000 W/m2 
TABLE II 
LINE PARAMETERS 
Length of DC lines 1 km 
RDC 4.82×10-4 Ω 
V0 1.2 kV 
Transformer voltage ratio (Δ-Y) 0.763 kV/ 22 KV 
Rgrid (for each line) 9.68 Ω 
Lgrid (for each line) 0.18487 H 
 
 










where NM is the number of series connected modules in a 
string, Np is the number of strings connected in parallel, 
RSeq=(NM×RS)/NP and RPeq=(NM×RP)/NP. 
 
C. PV Plant Topology 
 
Figure 3 shows the typical two stage grid connected PV 
plant with string topology. In this configuration, a number of 
solar panels are connected in series to form a string in order 
to get desired higher voltage. Each string is connected to a 
DC-DC (normally Boost) converter which is mainly used to 
extract maximum power from the PV string. A number of 
strings are then connected in parallel to a central inverter to 
obtain the required power. The function of the inverter is to 
transmit real power from PV park maintaining constant DC 
link voltage and to ensure reactive power demand of the grid 
as well. This topology reduces the losses incurred due to the 
mismatch between the strings and it is cost effective because 
of the reduction of number of inverters [12]. 
 
III. MODELING AND CONTROL STRATEGIES OF THE 
PROPOSED SYSTEM 
The model system of a grid connected 5 MW (peak) PV 
plant is shown in Fig. 4. It is composed of two 2.5 MW PV 
units each connected to individual DC-DC boost converter. 
Figure 5 shows the characteristic curve of a 2.5 MW unit. A 
DC link capacitor and a three phase voltage source inverter 
(VSI) are connected to maintain relatively constant DC 
voltage at the DC link and supply sinusoidal current to the 
grid. Finally, a Δ-Y (Y grounded) transformer is used to 
integrate the system to the grid. In this paper, Kyocera 
KC200GT solar modules [13] are used and the parameters are 
found from [10]. A DC distribution system is modeled based 
on [14] and parameters are obtained from TOP SOLAR XZ-
K (AS) 1×300 mm2 cable [15]. Double transmission line 
model is considered in this study. Different blocks of the 
model system are discussed in details in the following 
subsections. Parameters are given in table I and II. 
 
A. DC-DC Boost Converter Control 
 
The PV system is connected to the input side of a boost 
converter and its output side is connected to the DC link 
capacitor. Its gate signal is controlled to regulate the PV 
output voltage to a reference value so that maximum power 
can be extracted for a particular temperature and irradiation. 
There are number of maximum power point tracking (MPPT) 
techniques. Different MPPT techniques suit different 
applications and are discussed in details in [16]. In this paper 
fractional open-circuit voltage technique is used to obtain 
maximum power. Voltage of a PV module at maximum 
power point (VMPP) has nearly linear relationship with its 
open circuit voltage (VOC). The relationship can be written as 
 
                                                              (7) 
 
where KMPP is a proportionality constant. In order to avoid 
temporary disconnection from the network to get the open 
circuit voltage, an identical pilot module is used under the 
 
 
Fig. 3.  Two stage PV System 
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Fig. 5.  I-V and P-V curve for 2.5 MW unit 
  























same environmental condition [17]. The voltage then scales 
up to get the equivalent open circuit voltage of the string. 
Reference duty ratio is then found by the following equation 
 1 _                                                  (8) 
 
where VOC_pilot is the open circuit voltage of the pilot module, 
V0 is the output voltage of the boost converter. The control 
structure of the boost converter is shown in Fig. 6. For 
KC200GT solar module, value of KMPP is found to be equal to 
0.8023. This value is validated for different weather 
conditions (250 C, 1000 W/m2 and 470 C, 800 W/m2) from the 
datasheet of [13]. 
 
B. Voltage Source Inverter Control 
 
The voltage source inverter is the most important 
component for integration of PV plant to the grid.  In this 
paper widely used vector control technique is used for the 
three phase voltage source inverter control. The control 
scheme is shown in Fig. 7. A phase lock loop (PLL) is used to 
obtain the ΘPLL which is used for abc to dq0 transformation of 
grid side current. The d-axis current (Id) is used to control the 
DC link voltage and the q-axis current (Iq) ensures that a 
constant three phase rms voltage is delivered to the grid. The 
inner loop PI controller gives Ud* and Uq* which are then used 
for dq0 to abc transformation to get Uabc. Finally, Uabc is sent 
to PWM signal generator to obtain the switching pulses for 
the voltage source inverter. 
 
C. DC Link Overvoltage Protection 
 
When a fault occurs, the inverter is unable to deliver power 
generated by the PV plant to the grid because of the drop in 
the grid voltage. The excess energy gives a sharp rise to the 
DC link voltage. It is, therefore, necessary to protect the DC 
link from overvoltage. Two protection schemes are discussed 
in the following paragraphs. 
1. Conventional Protection Scheme 
In the first protection scheme a dc-chopper circuit is 
connected in parallel with the DC link capacitor [8]. The 
circuit and its corresponding control are shown in Fig. 8. The 
circuit consists of a resistance in series with an IGBT. During 
a fault, the DC link voltage becomes very high. This could 
damage the semiconductor devices. In this protection scheme, 
the gate pulse of the IGBT is triggered when the DC voltage 
goes higher than a certain threshold value. The access energy 
is then absorbed by the resistance of the chopper circuit. 
Thus, the chopper circuit protects the DC link voltage from 
going above a certain level. It is noted that conventional 
protection scheme cannot prevent undervoltage tripping. 
 
2. Proposed Protection Scheme 
Additional cost is involved while adopting dc-chopper 
circuit for over voltage protection of DC-link. Therefore, in 
the second protection scheme the control of the boost 
converter (MPPT control) is utilized for overvoltage 
protection (Fig. 9). In this protection scheme grid voltage is 
monitored and used to modify the duty ratio command signal 
when grid side voltage goes below a certain threshold value. 
Therefore, the controller sets the reference duty ratio to zero 
or reduces it suitably based on the severity of the grid fault. In 
this way, duty ratio can be used much precisely compare to 
the case when no protection is applied. The controller thus 
forces the PV module to send power towards the DC-link in a 
controlled way. Hence, DC link voltage rise can be 
minimized. On the otherhand,  plant need to be shutdown if 
the DC link voltage becomes very low during grid 
disturbance. In order to prevent that, all the integral controller 
of the voltage source inverter is reset when the DC link 
voltage goes below a certain threshold value. Thus the 
proposed scheme can be implemented easily without 
incorporating substantial modification in the existing control 
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IV. SIMULATION RESULTS 
 
Simulations are performed considering a symmetrical 3LG 
(three-line-to-ground), 2LG and L-L faults at F1 location 
shown in Fig. 4 using PSCAD/EMTDC [9]. Fault is 
considered in one of the double circuit transmission line. 
Simulation time step is 30 μs and simulation time is 
considered as 3 s. 
The fault is considered at 0.1 s; the breakers of the 
transmission line opened at 0.25 s and reclosed at 0.8 s. All 
the simulations are done for standard test condition (STC) 
(1000 W/m2 and 250 C) [18]. During steady state condition, 
DC link rated voltage is 1.2 kV. The terminal voltage without 
considering over voltage protection, conventional protection, 
and proposed protection are shown in Fig. 10. In all cases the 
voltage returns to the nominal voltage within 0.4 s. Hence, 
the grid code mentioned in Sect. I can be met with the control 
strategy used in this paper. 
For the proposed protection scheme, integral controllers of 
the voltage source inverter are reset for DC link voltage 
between 0.68> UDC > 0.5 p.u. to prevent the under voltage. 
As can be seen from Fig. 11, the DC link voltage for 3LG 
fault remains within 0.4 pu. Overshoot is 125% of the 
nominal voltage. Real and reactive power delivered to the 
grid for the proposed scheme are also shown in Fig. 12 and 
13 respectively. 
DC link voltage for no over voltage protection and 
conventional protection scheme for 3LG fault is shown in 
Fig. 14. The voltage goes upto 1.8 kV (150% of the nominal 
voltage) during the fault condition when the over voltage 
protection is not applied. This would lead to the tripping of 
the generation plant. In the conventional overvoltage 
protection control, UDC_max (shown in Fig. 8) is set to 1.32 kV 
(110% of nominal voltage). Therefore, beyond this value the 
chopper circuit is activated and the energy is dissipated in the 
internal resistance of the circuit. From the Fig. 14, it is 
apparent that the DC link voltage overshoot for 3LG fault is 
slightly above 110%. Hence, it is a very effective overvoltage 
protection method. 
Comparison of duty ratio for no over voltage protection, 
protection scheme using chopper circuit, and proposed 
protection scheme are shown in Fig. 15. Duty ratio oscillates 
in case of no overvoltage protection as there is no control 
over the duty ratio during the fault condition. In case of the 
proposed over voltage protection control, threshold value for 
Ugrid (shown in Fig. 9) is set to 0.95 pu of the nominal 
voltage. Below this voltage level, duty ratio of the boost 
 
 
Fig. 10.  Grid side voltage (3LG fault) 
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Fig. 14.  DC link voltage (3LG fault) 
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Fig. 15.  Duty ratio of DC-DC converter (3LG fault) 
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Fig. 12.  Real power delivered to the grid for proposed 
protection scheme (3LG fault) 
  

















Fig. 13.  Reactive power delivered to the grid for proposed
protection scheme (3LG fault) 
  



















                  
Fig. 11.  DC link voltage with proposed protection
scheme (3LG Fault) 



















converter changes in accordance with the terminal voltage. 
The objective here is to operate the PV plant at lower power 
point and reduce the power flow from boost converter 
towards the voltage source inverter (VSI). Thus it reduces the 
power mismatch between the input and output side of the 
VSI. From Fig. 15, it is apparent that the duty ratio remains 
zero during the fault conditions for both protection schemes. 
Grid side voltage and DC link voltage for unsymmetrical 
faults like 2LG and L-L faults using proposed protection 
scheme are also shown in Fig. 16, 17, and 18. 
 
V. CONCLUSION 
In this paper, detailed modeling and control strategies of a 
MW class DC-based PV plant have been presented. LVRT 
characteristics for different types of symmetrical and 
unsymmetrical faults have been analyzed. A DC link over 
voltage and undervoltage protection schemes have also been 
proposed and compared with the conventional scheme. It is 
found that under the coordinated control scheme DC link over 
voltage can be kept within acceptable range without 
incorporating additional cost. It is also found that DC-link 
undervoltage tripping condition can be avoided using the 
proposed scheme. Finally, it is concluded that the proposed 
coordinated control scheme can successfully augment the 
LVRT capability of MW class DC-based PV plant under 
various fault conditions as required by the recent grid code.  
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Fig. 18.  DC link voltage for proposed protection scheme
(L-L fault) 
  



















Fig. 17.  DC link voltage for proposed protection scheme
(2LG fault) 





















Fig. 16.  Grid side voltage for proposed protection scheme 
(2LG & L-L faults) 
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